A Molecular Approach to
Carcinogenesis: Dissecting the
Genome of a Small Tumor Virus™t

DANIEL NATHANS

Department of Microbiology, Johns Hopkins University School of Medicine,

Baltimore, Maryland

Received for publication July 15, 1976

Transformation of a normal cell to a cancer
cell involves a stable, heritable change in the growth
pattern of that cell and its descendants: the cancer
cell proliferates under conditions where the normal
parental cell does not. In simplistic molecular terms
we would hypothesize that a primary change has oc-
curred in one or more cellular genes, and/or in the
expression of certain genes, which leads perhaps
through many intermediate steps to loss of growth
control. For example, most chemical carcinogens are
known to be potent mutagens, and their car-
cinogenicity is thought to be due to mutation. How-
ever, neither sites of mutation nor the links between
mutation and growth alteration are known. Other
tumorigenic agents are certain kinds of viruses. In
this case the primary event is the introduction of
new genetic information into the cell, namely, the
cluster of genes which make up the nucleic acid
genome of the virus. Depending on the genetic con-
tent of the virus and on the circumstances of infec-
tion, expression of viral genes can lead to multiplica-
tion of virus and cell in which the cell acquires new
heritable properties including, in some cases, al-
tered growth in culture and the ability to form a
tumor in an animal. In these “transformed cells’
viral genes persist, often as part of cellular chromo-
somes, and it is likely that specific viral gene prod-
ucts are continuously needed to maintain the
tumorigenic properties of the cell. Since viruses are
rather simple and can be readily manipulated genet-
ically and biochemically, a great deal of attention
has been focused on the molecular biology of tumor
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viruses in the expectation of better understanding
tumorigenesis in general and also associated funda-
mental mechanisms of gene action and growth regu-
lation in animal cells.

Tumor viruses are not basically different from
other viruses. While only certain types of RNA vir-
uses are tumorigenic, almost every type of DNA con-
taining animal virus is potentially tumorigenic.
Among the simplest of these are the small
papovaviruses, including Simian Virus 40 (SV40),
the murine polyoma virus, and the human
papovaviruses BK and JC. Owing to their small size,
ease of handling, and possible role in human disease,
these viruses are being intensively investigated in a
number of laboratories. One line of investigation, in-
cluding our own studies, has centered on the molecu-
lar genetics of SV40, and in particular on mapping
the SV40 chromosome by enzymatic dissection and
restructuring of the viral DNA. The result has been
the construction of a physical map of the SV40
genome and localization of template functions,
structural genes, and genetic determinants of biolog-
ical functions within the viral chromosome. We now
have a rather detailed picture of the organization of
the SV40 genome, including that part of the
molecule that is responsible for tumorigenicity. (For
a review, see Ref. 1).

The Structure of SV40 and Its DNA

SV40 occurs as an inapparent natural infec-
tion of certain species of Asiatic macaques (2). Simi-
lar papovaviruses have since been detected in man.
From an experimental viewpoint the attractive fea-
tures of SV40 are its especially simple and rather
stable structure, and its small genome. As shown in
Fig 1, the virion or virus particle of SV40 is a small
icosahedron. Each virus particle contains a molecule
of covalently closed circular duplex DNA of about 3.2
x 10% daltons. As shown in Fig 1, DNA molecules of
this type (called Form I DNA) have supercoils and
are therefore more compact than duplex circles con-



100 The Johns Hopkins Medical Journal Vol. 139 No. 3 September, 1976

Fig. 1.

SV40 DNA (bottom). The micrographs above were repro-
duced with permission from Anderer et al. (3), and that
below was provided by N. Muzyczka. (The linear DNA
molecules resulted from cleavage of form I DNA by re-
striction endonuclease.)

taining one or more single-strand breaks (called
Form II DNA), also illustrated in Fig 1. The relation-
ship between Form I and Form II DNA is shown bet-
ter in Fig 2, which illustrates the covalently closed
supercoiled duplexes and the result of creating a
break in one of the two DNA strands or across both
strands. From electron microscopic length meas-
urements of the DNA (4)-one can estimate that the
number of nucleotide pairs in an SV40 DNA
molecule is approximately 5000, which is sufficient
information to code for about 1700 to 1800 amino
acids.

SV40-cell Interactions

In spite of its paucity of genetic information,
SV40 can replicate in the absence of a helper virus in
monkey cells, and can also transform to
tumorigenicity other types of cells in which it does
not replicate, for example, mouse cells. Thus, SV40
provokes two distinctly different types of cell reac-
tions: productive infection and cell death on the one
hand, and transformation to tumorigenicity on the
other. Some of the molecular events involved in
these two types of virus-cell interactions are outlined
diagrammatically in Fig 3. As seen on the left side of

Fig 3, productive infection begins with virus absorp-
tion to the cell surface followed by appearance of
viral DNA molecules in the cell nucleus. Certain viral
genes called “early” genes are then transcribed in
the cell nucleus into early messenger RNA which is
translated in the cytoplasm into early protein. Ap-
pearing in the nucleus at this time is a new, SV40-
specific antigen (T or tumor antigen) which is now
thought to be the early protein. Early protein acts in
the nucleus in the initiation of viral DNA replication.
Following viral DNA replication other genes of the
viral chromosome are transcribed into messenger
RNA, these are the “‘late” genes giving rise to late
messenger RNA. The late messenger RNA is trans-
lated into structural proteins of the virus which then
form the outer shell or coat of new virus particles.
Eventually a large number of such particles are pro-
duced in the cell, leading to cell lysis and release of
virus particles into the medium.

In contrast to productive infection, transfor-
mation by SV40 involves partial expression of viral
genes. As shown on the right side of Fig 3, when the
viral DNA reaches the nucleus of cells destined to be
transformed, genes are expressed in the form of mes-
senger RNA and early viral protein (T antigen), but
viral RNA replication does not ensue. Instead, a
molecule of viral DNA becomes covalently linked or
integrated into the cellular DNA as diagrammed in
Fig. 3, following which, viral genes continue to be
expressed in the form of messenger RNA and viral

SV40 DNA

\
Form I

Linear (L)

6
Molecular Weight : 3.2 x IO

Fig. 2. A diagram of SV40 DNA form I (covalently closed
circular duplex), form II (nicked or open circular duplex),
and linear DNA (L) after double-strand scission.
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Fig. 3. Diagram of SV40-cell interactions. Among the virus-specific proteins
found in infected permissive cells and in transformed cells is the SV40

T-antigen. See text for discussion.

protein. Integration of the viral genome thus creates
a stable condition in which viral genes persist in the
transformed cell and are inherited by each daughter
cell. In such cells viral messenger RNA continues to
be made, as does viral protein. As described later, the
continued expression of these genes is required to
maintain the transformed state.

The objective of the studies to be described
has been to determine how the SV40 genetic infor-
mation expressed in productively infected or trans-
formed cells (as diagrammed in Fig 3) is organized:
the number and location in the viral chromosome of
early and late genes and those genes transcribed in
transformed cells; the identity of specific gene prod-
ucts; the direction of gene transcription; whether
there are specific signals for viral DNA replication
and, if so, where these are located; and finally, which
genes are essential for transformation.

CLEAVAGE MAP OF THE SV40 GENOME

Our first aim in delineating the genetic or-
ganization of SV40 was to construct a physical map
of the viral DNA molecule based on specific cleavage
of the DNA by site-specific bacterial restriction en-
donucleases. Restriction endonucleases are a class of
enzymes found in many bacterial species, which
cleave foreign DNA but not the DNA of the cell that
contains the enzyme (for recent review, see Ref. 8).
Some enzymes of this type cleave DNA at specific
nucleotide sequences, as first shown by my col-
leagues, Thomas J. Kelly, Jr. and Hamilton O. Smith
(5) with an enzyme isolated from Hemophilus in-
fluenzae (6). Thus, these enzymes are analogous to
specific proteolytic enzymes such as trypsin and
chymotrypsin which cleave proteins at specific
amino acid residues.
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We began our analysis of SV40 when Stuart
Adler, at that time a Hopkins medical student, sur-
veyed the known restriction enzymes for their ability
to cleave SV40 DNA (7). Most useful, it turned out,
was Smith’s enzyme from H. influenzae. Since those
initial studies, many other site specific restriction
enzymes have become available which also cleave
SV40 DNA (for review, see Ref. 8). The nucleotide
sequence recognized by several enzymes active on
SV40 DNA are shown in Fig 4. As seen in the figure,
each enzyme recognizes a specific base sequence in
duplex DNA and cleaves both strands of the duplex
as shown by the arrows. Each recognition site con-
sists of a symmetrical sequence of nucleotides in
which the base sequence in one strand is the same as
that in the opposite strand. Some enzymes cleave
duplex DNA evenly, i.e., the resulting fragments are
even-ended, whereas other enzymes make staggered
breaks in DNA resulting in fragments with short,
single-strand tails. Such single-strand tails or
“sticky ends” allow ready joining of one fragment to
another by base pairing, or cyclization of a given
fragment into a circle (Fig 5). These properties are
the basis for certain recombinant DNA experiments
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and, as will be described later, allow the construc-
tion of excisional deletion mutants of SV40.

The general strategy of the approach taken by
my coworkers, K. J. Danna and G. H. Sack, Jr. for
constructing a cleavage map of the SV40 DNA
molecule was to cleave DNA with one or more re-
striction enzymes, separate the resulting fragments
by gel electrophoresis and determine the size of each
fragment and its position relative to the others in the
original DNA molecule (9, 10). As illustrated in Fig 6,
SV40 DNA can be cut into a number of smaller linear
fragments by a particular restriction enzyme, thus
giving rise to segments of DNA from specific sites in
the genome. On the other hand, with other enzymes
the circular molecule is cut once at a specific site to
vield a full length linear molecule of SV40 DNA (11,
12). Figure 7 illustrates the electrophoretic separa-
tion of SV40 DNA fragments which result from
cleavage by a series of restriction endonucleases.
Since the mobility of DNA fragments is proportional
to length, one can with a suitable series of standards
estimate the length of a given DNA fragment by its
electrophoretic mobility. Alternatively, one can de-
termine length by the amount of DNA contained in

Endonucleases
Reference
5 Kelly a Smith (5)
5' Old et al. (44)
5! Garfin a Goodman (45)
Garfin a Goodman (45)
5' Hedgpeth et al. (46)

Boyer et al. (47)

Class I  Restriction
Enzyme Sequence
5 GTPJ'P AC
. y Pu
#in a1 C APuPyTG
1 ‘L
. 5 AAGCTT
#in o T T TCGAA
4
5' TJ'AAC
Hpa 1 GT
C AATTTG
5' C‘LCGG
. T
5 GAATTC
£co R1 C TTAA G
1
5 CCTGG
£co RIL GGACC 5

T

Bigger et al. (48)

Fig. 4. Examples of bacterial restriction endonucleases that cleave SV40 DNA
and the nucleotide sequences recognized. Arrows indicate sites of cleavage. Hin,
H. influenzae, Hpa, H. parainfluenzae, Eco, E. coli (8).
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MANIPULATION OF COHESIVE ENDS

¥ v
AAGCTT AAGCTT
TTT 11 TTTIT1
TTCGAA TTCGAA
* )
| o om
A AGCTT A AGCTT
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TTCGA A TTCGA A
End to End o
Joining \ Cyclization
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AAGCTT A AT IOT
T TTITTII T L A
TTCGAA TTCGA

Fig. 5. The use of cohesive ends in DNA (produced by the HindIII restriction
endonucleases in this case) to join or cyclize DNA fragments.

each fragment relative to the starting DNA molecule
or by electron microscopic length measurements vs
the length of the original SV40 DNA.

To determine the order of a given set of frag-
ments in the original DNA molecule several methods
have been used, notably the analysis of partial digest
products, as illustrated in Table 1. In this instance,
SV40 DNA was digested with a small amount of Hin
enzyme and the partial digest products isolated after
electrophoresis in acrylamide gel; each partial digest
product was then digested to completion with the
same enzyme and the digest products analyzed by
gel electrophoresis. As shown in the table, each set of
final digest products can be arranged in a consistent
overlapping order to result in the order of each of the
fragments in the original circular SV40 DNA
molecule. The fragments so arranged then constitute
the cleavage map, as shown in Fig 8. Similar
analyses of enzyme digest products have been car-
ried out in a number of laboratories with many differ-
ent restriction enzymes resulting in the detailed
cleavage map of the SV40 DNA molecule shown in
Fig 9.

Having such a map we could now proceed to
localize template functions, structural genes, and

Specific Cleavage of SV40 DNA

SV40DNA

{Rx/ \H/hdﬂI

|
\ 7

SV40DNA-L g,

Fig. 6. Diagrammatic representation of action of restric-
tion endonucleases on SV40 DNA. In one case (left) the DNA
is cut once at a unique site and in other (right) it is cut at
several specific sites.

Hin TL  Fragments
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Fig. 7. Fragments of SV40 DNA produced by various restriction en-
donucleases and separated by electrophoresis in polyacrylamide gels: au-
toradiograms of *?P-labeled fragments. The origin is at the top. Repro-
duced, with permission, from The Harvey Lectures, Series 69, p. 117,

1974-1975.

biological activities of the SV40 genome in the cleav-
age map.

MAPPING TEMPLATE FUNCTIONS

The first sites mapped were the origin and
termination of DNA replication. SV40 DNA repli-
cates in productively infected cells via a circular in-
termediate, as illustrated in Fig 10 (13). Shown in the

figure is an electron micrograph of the replicating
SV40 DNA molecule where loops labeled L1 and L2
represent the replicated portion of the molecule,
each loop containing one parental and one daughter
DNA strand and the segment L3 represents the unrep-
licated portion of the molecule.

To determine whether SV40 DNA replicates
from a unique site and whether replication occurs in



GENOME OF A SMALL TUMOR VIRUS—NATHANS 105
TABLE 1
Order of Hin Fragments:
Analysis of Partial Digestion Products and Hpa Fragments

Initial Fragment

(% of SV40 DNA) Hin Digest Products Overlapping Fragment Order
12 GJ J G
12 FK F K
13 EK E K
22 B,G G B
40 B,FG,JK, F J G B K
43 B,F,GH,LJ F J] G B I H
51 ACDE A C D E
20 (Hpa-C) B1I B 1
37 (Hpa-B) AHC H A C
40 (Hpa-A) D.EF,G,J K F J D E K

Order: F J] G B I H A C D E

one direction or bidirectionally from that site a
pulse-label experiment was carried out which was
analogous to Dintzis’ experiment on the biosynthesis
of hemoglobin (14). The rationale of this experiment
is illustrated in Fig 11. If one assumes that DNA rep-
lication does begin at a unique site and proceeds
bidirectionally around the circular molecule, then, as
illustrated in Fig 11, pulse labeling of replicating
molecules with 3H-thymidine would result in newly

Fig. 8. Hin and Hpa cleavage maps of SV40 DNA. The
arrow indicates the single EcoR; cleavage site. Outer circle,
Hpa 1 fragments; middle circle, Hind III fragments; inner
circle, HindIl + dIII fragments. Reproduced, with permis-
sion, from Lai and Nathans, Virology 66:72, 1975.

completed DNA molecules shown at the bottom of
the figure which contain varying amounts of
tritiated thymidine. Note that all molecules will con-
tain tritium label at the site where DNA replication
ends and few or no molecules will contain label at
the site where DNA replication begins. Intermediate
regions of the molecule will contain different
amounts of label depending on their proximity to the
origin. If we now cleave such a collection of newly
completed, pulse-labeled molecules with a specific
restriction endonuclease and determine the distribu-

Fig. 9. Detailed cleavage map of the SV40 genome. Each
circle represents cleavage sites (arrows) for the enzyme
noted. (Courtesy of Cold Spring Harbor Laboratory.)
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Fig. 10. SV40 DNA replicating intermediate. (A) Electron-micrograph of SV40 replicating in-
termediate, and (B) interpretive drawing. Replicative intermediates contain 2 forks, 3 branches,
and no visible ends. Two of the branches (L1 and L2) are of equal length and represent the
replicated segments of the molecule. The third branch (L3) contains superhelical twists and
represents the unreplicated portion of the molecule. Figure courtesty of Dr. Thomas J. Kelly, Jr.

tion of pulse label in the fragments of DNA from
different parts of the molecule, we should be able to
deduce which part of the molecule was replicated
first, which part was replicated last, and the order of
replication of the segments between origin and ter-
minus. This expectation is borne out by the experi-
mental data obtained by K. J. Danna (42) shown in
Fig 12, in which the amount of pulse label present in
each Hin fragment is plotted against the position of

that fragment within the genome for a pulse-labeling
period of 5 min, 10 min, and 15 min. The data show
that there are two gradients of pulse label within the
DNA molecule starting at a site within Hin-C near the
Hin-AC junction, which has the least amount of pulse
label, and ending within fragment Hin-G on the op-
posite side of the DNA molecule, which has the most
pulse label. We deduce from these results that there
is a specific origin of SV40 DNA replication near the
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*H - Thymidine
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Fig. 11. Diagram of appearance of radioactive thymidine
into newly replicated SV40 DNA molecules during a brief
period of incorporation (less than a complete DNA replica-
tion cycle). Wavy lines indicate radioactive DNA segment.
O represents the origin of replication. See text for discus-
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sion.

Hin-AC junction and that replication proceeds from
that site at approximately equal rates and ends on
the circular molecule opposite the origin. We pre-
sume then that SV40 DNA has a nucleotide sequence
signal which determines where replication begins;
this signal maps at about 0.67 map units on the SV40
cleavage map. A similar conclusion has been reached
by Fareed et al. (15) on the basis of entirely different
experiments.

The second template function of the SV40
genome which was mapped were segments corre-
sponding to early and late messenger RNAs found in
productivity infected or transformed cells. In exper-
iments carried out by Khoury et al. (16, 17) and by
Sambrook et al. (18), RNA isolated from SV40 in-

fected or transformed cells was hybridized to indi-
vidual strands of specific SV40 DNA fragments
labeled with %*P in order to determine which frag-
ments contained nucleotide sequences correspond-
ing to the SV40 RNA, as diagrammed in Fig 13.
Those DNA strands which contained such sequences
would form a DNA-RNA hybrid and thus could be
separated by hydroxyapatite chromatography from
those strands which did not contain sequences com-
plementary to the RNA. In this way early RNA and
late RNA from productively infected cells, and SV40
RNA found in a series of virus transformed cells lines
were mapped on the SV40 cleavage map.

The results of a series of experiments of this
type are shown in Fig 14. Also shown in the figure is
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Fig. 12. Analysis of pulse-labeled, newly completed molecules of SV40 DNA. SV40-infected cells were pulse-labeled
with *H-thymidine for 5, 10, or 15 min. Form I SV40 DNA was then isolated and mixed with uniformly labeled *?P-SV40
DNA. The mixture was digested with endonuclease R-Hin and the *?H/3?P ratio of each fragment measured. The
normalized 3H/32P ratio is plotted on the ordinate vs the distance of the midpoint of each fragment from the A-C junction
(0.655 map units). At the top of the figure is the order of fragments in the cleavage map, opened at fragment G, which is
shown at each end. Reprinted, with permission, from Danna and Nathans (42).

the direction of early and late messenger RNA synth-
esis on the viral genome as determined in separate
experiments, and those parts of the viral chromo-
some that correspond to two classes of late SV40
messenger RNAs found in infected cells, namely, 16S
and 19S RNA, as recently reported by Khoury et al.
(19) and by May et al. (20). The most striking finding
was that the genome is divided into approximately

two equal parts: one part extending from about 0.17
to 0.65 map units corresponds to the early region of
the genome, and the other half corresponds to the
late region of the genome. One of the dividing points
between early and late regions is the origin of viral
DNA replication. RNA from transformed cells cor-
responds rather closely to the early messenger RNA
found in productively infected cells, except that in
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Mapping SV40 Transcripts

**p_ Hin fragment

Separate
Strands

Anneal with
Excess SV40
RNA

Chromatography

*P-DNA elutes _
at 0.4M PO,

*2p_DNA elutes
at 0U5M PO,

Fig. 13. Scheme for determining the segment and strand
of SV40 DNA which is the template for SV40 RNA found in
infected or transformed cells. Reprinted, with permission,
from The Harvey Lectures, Series 69, p. 126, 1974-1975.

different transformed lines RNA sequences corre-
sponding to Hin fragments C or C plus D are also
present (21). These results confirm earlier findings
that transformed cells contain predominantly early
viral messenger RNA and in addition suggest that
transcription of the viral messenger RNA may start
in cellular DNA which is adjacent to the integrated
viral genome in the cellular chromosome.

MAPPING STRUCTURAL GENES

To map structural genes one needs mutants
with defined physiological defects. We have used two
types of SV40 mutants in our mapping studies,
temperature-sensitive mutants (referred to as ts
mutants) and deletion mutants. Temperature-
sensitive mutants of SV40 have been isolated and
characterized by Tegtmeyer and Ozer (22), Kimura
and Dulbecco (23), Chou and Martin (24), and by
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Fig. 14. Transcriptional map of SV40, in relation to the
Hind cleavage map. For details see the text. Reprinted,
with permission, from Kelly and Nathans (1).

Dubbs et al. (25). Some of the findings from these
laboratories are briefly summarized in Table II
which presents the salient properties of different
complementation classes of ts mutants. As seen in
the table, there is only one class of mutant which is
defective in viral DNA synthesis at high tempera-
ture, namely the tsA class. (tsD mutants which ap-
pear to be defective in viral DNA replication are ac-
tually defective in an uncoating property at high
temperature; infection by viral DNA at high temper-
ature is comparable to infection by wild type virus
(26.) Mutants in the B, C, and BC classes are defective
in a virion structural protein as shown by the fact
that some mutants of this class produce
temperature-sensitive virus particles. The two most
important properties of tsA mutants are first, that at
the nonpermissive temperature the initiation of viral
DNA replication does not occur (27); and second,
cells that are transformed by tsA mutants at permis-
sive temperature revert to a nontransformed
phenotype when shifted to the nonpermissive tem-
perature (28). This last property together with a lack
of transformation by tsA mutants at high tempera-
tures, is illustrated in the diagram of Fig 15, and has
been interpreted to indicate that functioning of the A
gene product is required to initiate and maintain
tumorigenic properties of transformed cells. There-
fore, a specific viral gene producing a single gene
product, called the A protein, appears to be required
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TABLE 11
Phenotypes of SV40 ts Mutants
Complementation DNA Synthesis ts DNA Antigens?
Class Virus Host Virions Infection T U C v Transformation
tsA - * No ts + - - — —b
tsB + + Yes ts + + + + +
tsC + + Yes ts +
tsBC + + Yes ts + - + - +
tsD - - No wt - - - - =

a Antigens: T, T-antigen found early after infection; U, U-antigen also found early after infection—perhaps part of T-
antigen molecule; C, capsid antigen, detected by antiserum against dissociated virus particles; V, virion
antigen, detected by antiserum against intact virions.

b Initiation and maintenance of transformation are ts.

both for initiating viral DNA replication and for
maintaining the transformed property of the cell.
In order to map temperature-sensitive mut-
ants of SV40, C.-J. Lai adapted a method used in
mapping bacteriophage mutants called marker res-
cue by fragments of DNA (29). In this method,
which is illustrated in Fig 16, a single-stranded circle
of mutant DNA is reacted with fragments from wild
type viral DNA to produce a partial duplex molecule
consisting of the fragment and circular DNA.
Molecules of this type turn out to be infectious at 40°,

TRANSFORMATION BY tsA MUTANTS

tsA Mutant

329 40°

Infect
b ) mouse cells
oD [0
Not Transformed

Transformed

40&

32°

&2

Not Transformed

Fig. 15. Diagram of transformation by tsA mutants.

producing SV40 plaques in a monolayer of cells. Pre-
sumably within the infected cell the partial
heteroduplex is converted to a complete heterodu-
plex molecule as illustrated in Fig 16, which then un-
dergoes replication or correction of a mismatched
base pair to give rise to wild type DNA. This chain of
events will ensue to produce infectious virus if and
only if the wild type fragment corresponds to the
segment of the SV40 genome which contains the
original mutational site, thereby allowing localiza-
tion of the mutant site to that segment of the
genome. In this way a number of temperature-
sensitive mutants of SV40 have been mapped; the
results are presented in Fig 17.

Our conclusions from this series of experi-
ments can be summarized as follows. The mutants
mapped cover about half of the SV40 genome; but
there is notable absence of mutants mapping be-
tween 0.5 and 0.85 map units, and only one mutant
which maps between 0.17 and 0.3 map units. Mu-
tants which are defective in viral DNA synthesis and
transformation (tsA mutants) all map in the early
region of the genome. Mutants in complementation
classes defective in a late function all map in the late
region. B, C, and BC mutants are clustered in about
one-half of the late region nearest the junction be-
tween the termination of early and late transcripts. D
mutants all map between 0.85 and 0.94 map units,
i.e., a small segment of the late region distinct from
the B/C segment. On the basis of the mapping data
and prior complementation tests we conclude that
the B, C, and BC mutations are in one cistron, com-
plementation occurring between B and C mutants at
the protein level. D mutants are in a distinct cistron,
as are the A mutants. The evidence thus suggests the
presence of three SV40 genes: A, B/C, and D.

The second type of mutant used to map SV40
genes are deletion mutants. Such mutants have been
obtained from two sources, one from viruses pas-



GENOME OF A SMALL TUMOR VIRUS—NATHANS 111

=
+ \ Anneal > O

ts Mutant Wild Type Partial
ss DNA ss Fragment Heteroduplex
Infect BSC-40
at 40°
Replication
andg,, < or
Mismatch
Correction N -
o T ts Mutant Complete
i an
Wild Type s W Heteroduplex

Fig. 16. Scheme for mapping ts mutants by marker rescue. X indicates the mutational site. Reprinted, with permission,
from The Harvey Lectures, Series 69, p. 133, 1974-1975.

saged at high multiplicity of infection, under which
conditions there is accumulation of defective virus
particles containing deletions of viral DNA (30); and
two, by enzymatic construction of mutants lacking
specific DNA segments (31). Construction of deletion
mutants is particularly fruitful since an essentially
unlimited number of mutants can be isolated follow-
ing enzymatic cleavage of DNA as illustrated in Fig
18. As shown in the figure following linearization of
the circular DNA molecule with or without enzymat-
ic excision of a segment of DNA by a given restric-
tion enzyme or nonspecific endonuclease, linear
DNA can be used to infect cells and resulting dele-
tion mutants cloned and identified. Since the dele-
tion mutants are defective, they must be propagated
and cloned in the first place in the presence of a
suitable helper virus by a procedure called com-
plementation plaque formation developed by
Brockman and Nathans (32); and by Mertz and Berg
(33), see Fig 19. It is interesting to note that any 4
linear DNA molecule taken up by the cells cyclizes

intracellularly by recombination near the ends of Fig. 17. A map of ts mutants of SV40.

1
!
/ 1 .
]
:



112 The Johns Hopkins Medical Journal Vol. 139 No. 3 September, 1976

Constructing Deletion Mutants of SV40
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Fig. 18. Generation of SV40 deletion mutants by the use of specific or nonspecific endonuclease to generate linear molecules
followed by complementation cloning. Reprinted, with permission, from The Harvey Lectures, Series 69, p. 146, 1974-1975.

See text for discussion.

such a linear molecule to produce a covalently closed
circular DNA (31). Evidently, the monkey cells used
in these experiments contain an active enzymatic
system which can carry out this type of “illegiti-
mate” recombination, i.e., recombination not de-
pendent on extensive base sequence homology at the
recombination sites.

Brockman, Lai, and Adler have isolated a
large number of deletion mutants of this type and
have mapped them by restriction endonuclease
cleavage followed by electrophoresis of fragments
and by electron microscopic heteroduplex mapping
(31). For example, as shown in Fig 20, deletion mu-
tant No. 2 has a missing segment of DNA detected by
electrophoresis of the Hin fragment produced from
this DNA relative to that produced from wild type
DNA. By electron microscopic heteroduplex map-
ping as shown in Fig 20, this mutant DNA was found
to have a deletion corresponding to the missing Hin
fragment, and by appropriate measurement of
heteroduplex molecules the deletion can be precisely
localized in the cleavage map. Examples of other de-
letion mutants of this type are shown in Fig 21. As
seen in the figure, some mutants contain deletions in

the early region of the SV40 genome while others
contain deletions in the late region.

Having a series of mutants of this type, we
could use them to correlate physiological defects
with the map positions of the deletions (34). To illus-
trate, deletion mutants were tested by Scott and
Brockman for their ability to transform mouse cells
as illustrated in Fig 22. As seen in the figure, a dele-
tion mutant lacking part of the early region of the
SV40 genome but retaining the entire late region in
functional form is unable to transform cells. In con-
trast, a deletion mutant lacking nearly the entire late
region but containing the early region of SV40 intact
is able to transform (and, in fact, with efficiency
equal to that of wild type virus). Moreover, from
such transformed cells Walter Scott has been able to
rescue by appropriate cell fusion techniques the orig-
inal mutants virus, thus confirming that the trans-
formation was caused by the mutant genome.

Experiments similar to those just described
have also been carried out with fragments of SV40
DNA by van der Eb and his colleagues (35). In their
experiments a fragment of SV40 DNA between map
unit 0.15 and map unit 0.74, which includes the entire
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COMPLEMENTATION PLAQUE FORMATION
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Fig. 19. Method of cloning SV40 variants by complementation with ts mutants. See
text for details. Reprinted, with permission, from Kelly and Nathans (1).

early region of the genome can transform rat cells at
an efficiency approximately equal to that of the
complete DNA molecule, thus establishing that the
early region plus contiguous segments at each end is
sufficient to transform. All of these results are, of
course, consistent with the prior finding that tsA
mutants fail to transform cells at nonpermissive
temperature, and taken together they indicate that
the early region of SV40 is required for transforma-
tion and is also sufficient at least when DNA seg-
ments on either side of the early region are also pres-
ent.

PRIMARY S$V40 GENE PRODUCTS

Deletion mutants of SV40 have also been used
to identify primary gene products, that is proteins
which are coded for by the SV40 DNA. The rationale
of these experiments is that a deletion within a gene
may give rise to a short polypeptide chain coded for
by that gene (Fig 23). With this in mind, deletion
mutants of SV40 were used to infect cells, and pro-
teins made during infection were labeled with %S
methionine and subsequently separated by gel elec-
trophoresis and identified by radioautography (41).
We were looking for new polypeptides not present in
cells infected by wild type virus nor in uninfected

cells. Since in virus infected cells, the major struc-
tural protein of the virus (VP1) is easily identified,
Ching-Juh Lai began with a deletion mutant sus-
pected of having its deletion in the VP1 gene. This
mutant, shown in Fig 21 as d7-1010, has a deletion
between map units 0.99 and 0.11, extending from
Hin fragment F to Hin fragment G. When cells were
infected with this mutant virus and labeled proteins
separated by electrophoresis and radioautography, a
new polypetide was detected which by tryptic pep-
tide analysis was shown to be related to VP1. We
therefore concluded that the VP1 gene maps in this
segment of the late region of the SV40 genome and
since this segment contains tsB, C, and BC mutants
(Fig 17), the VP1 gene corresponds to the B/C gene.
Independent evidence that this region of the genome
codes for VP1 has been obtained by translation of the
messenger RNA derived the segment of the genome
in the VP1 polypeptide in vitro by Prives et al. (36)
and Lodish et al. (37), and also by recent comparison
of amino acid sequences of the N-terminus of VP1
with the nucleotide sequence within Hin fragment K
by Fiers and his colleagues.

A similar type of experiment has been carried
out by Randell et al. (38) with one of our mutants
containing a deletion in the early region of the
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Fig. 20. Left: Endo R-Hin digest of DNA of a constructed deletion
mutant (dI-1002) missing one Hin fragment (fragment B).

Right: A heteroduplex DNA molecule seen in the electron micro-
scope. One strand of the duplex is wild type SV40 DNA-15, (i.e., linear
DNA made by endo R-EcoR, cleavage) and the other strand is dI-1002
DNA-1g,. The single strand loop is the part of wild type DNA opposite
the missing segment of DNA in the dI-1002 strand.

genome between map units 0.32 and 0.43 encompass-
ing Hin fragments H and I, corresponding to the
region where most tsA mutants map (see dl-1001, Fig
21). Identification of the early gene product in this
case depended on isolation of the SV40 specific T or
tumor antigen from infected cells (39). Tegtmeyer
showed that radioactively labeled proteins from
SV40 infected cells when precipitated by anti-T
serum yielded a polypeptide in the precipitate of
about 100,000 daltons as determined by elec-
trophoretic mobility in SDS polyacrylamide gel (39).
When similar experiments were carried out with the
early deletion mutant just described, a new and
shorter polypeptide precipitable by anti-T serum
was detected, from which it was inferred that the
deletion caused the formation of a shorter T polypep-

tide than that produced in wild type SV40-infected
cells. Therefore, the T-antigen polypeptide is the
primary gene product of the early region. Since
T-antigen found in wild type SV40-infected cells is
about 100,000 daltons, requiring about 2500 nu-
cleotides to code for it, it is likely that the entire early
region is required to code for this single polypeptide.

From the experiments just described and prior
experiments on complementation between mutants
of SV40 as well as the results of translation of
specific viral messenger RNAs, it appears likely that
the SV40 genome contains three distinct genes: the
early A gene which codes for a polypeptide of about
100,000 daltons containing T-antigen determinants; a
late B/C gene which codes for the major virion struc-
tural protein VP1; and a late D gene which probably
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Fig. 21. Cleavage maps of several deletion mutants constructed as described in the
text. Deleted regions are indicated by the wedged segments.

codes for a minor structural protein. The possibility
that there are other small polypeptides coded for by
the viral genome has not been entirely excluded.

SUMMARY MAP OF THE SV40 GENOME

All of the data which have been presented on
the genetic organization of SV40 can be summarized
in a physiological map shown in Fig 24. To sum-
marize the salient features of the map, there is a
unique origin of viral DNA replication, which pro-
ceeds bidirectionally from the origin and terminates
approximately half way around the circle; the early
and late regions of the genome are continuous
stretches of DNA each occupying approximately half
of the genome; the 5’ ends of stable early and late

large messenger RNA’s map near the origin of
DNA replication and this may be the structural
correlate of the linkage between replication and late
gene transcription; there are three identifiable struc-
tural genes of the virus, A, B/C, and D, the last two
being late genes that code for structural proteins, the
first an early gene coding for a single polypeptide
chain, which contains determinants for T-antigen.
Also shown are the sites where determinants of
U-antigen, T-antigen, and tumor specific transplan-
tation antigen of SV40 have been more precisely
localized by analysis of adeno-SV40 hybrid viruses
(40).

THE A GENE AND TRANSFORMATION

The segment of the genome required for cell
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Fig.22. Diagram of transformation activity of mutants
with large deletions in the early or late segment of the
genome. As seen at the bottom, the original deletion
mutant could be rescued from transformed cells.

transformation by SV40 A gene is indicated in the
physiological map of Fig 24, based on the experi-
ments described earlier. How this segment of DNA
causes transformation remains the most important
question concerning viral tumorigenesis. Since the
primary gene product of this region, the A-protein, is
required for cell transformation, the function of the
A-protein is of great interest. Genetic evidence indi-
cates that the A-protein is involved in initiation of
viral DNA replication (27), and biochemical experi-
ments suggest that the A-protein can bind to viral
DNA, perhaps specifically at the site of origin of DNA
replication (43). Based on these observations it has
been suggested that the A-protein similarly recog-
nizes nucleotide sequences in cell DNA correspond-
ing to the SV40 DNA origin, and thereby initiates
DNA replication at unusual sites in cellular DNA, as
illustrated in Fig 25. If transcription of cellular genes
is somehow coupled to cellular DNA replication, as
is transcription of the late genes of SV40, such aber-
rant initiation of cell DNA replication may cause the

DELETION MUTANTS PRODUCE
ALTERED VIRAL PROTEINS

wt SV40

mam |€— wt SV40 protein

Mutant SV40 protein —> | wmmm

di - mutant
Infect Celis

Label Proteins
Ppt. with Antiserum
Gel Electrophoresis

a autoradiography

Fig. 23. Diagram of procedure for detecting short SV40-
specified proteins in cells infected with a deletion mutant.

“ab\.\‘N e

T Antigen

SV40 Map

Fig. 24. Summary map of the SV40 genome. Reproduced,
with permission, from Kelly and Nathans (1).
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Possible involvement of SV40 early gene product (A

protein) in viral DNA replication and late gene transcription in
productively infected cells (left) and in cellular DNA replication
and transcription in transformed cells.

expression of genes previously quiescent. These gene
products could be the proximate cause of cell trans-
formation. To test this hypothesis will require a
great deal of work. Hopefully an understanding of
the molecular genetics of SV40 and related viruses
will provide experimental tools to help analyze the
molecular events in the transformed cell that are re-
sponsible for its tumorigenic properties.
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